A novel cellulose-based resin functionalized with polyallylamine was synthesized. It was applied to the collection of phosphate in environmental water samples, followed by concentration determination using an inductively coupled plasma-atomic emission spectrometer (ICP/AES). The synthesized resin, cellulose-glycidylmethacrylate-polyallylamine (CGP), showed good adsorption behavior toward trace amounts of phosphate over a wide pH range. The adsorbed-analyte can be easily eluted using 0.5 M hydrochloric acid; its recoveries was found to be 80 -100%. The CGP resin synthesized was packed in a mini-column, which was then installed in a computer-controlled auto-pretreatment system for on-line collection/concentration and determination of trace phosphate by ICP/AES. The limit of detection for phosphate was found to be 0.6 μg P l -1 . The sample volumes were only 5 ml and the total analysis time was about 4 min. The developed method with CGP resin was successfully applied to the determination of phosphate in river water and tap water samples with satisfactory results. The recovery test showed that common matrices that may exist in environmental waters did not interfere with the determination of phosphate.
Introduction
The analytical chemistry of phosphate and phosphorus compounds is very important in many fields: e.g., medical and clinical science, agriculture, metallurgy and environmental sciences. In recent years, because large quantities of phosphate and other phosphorous compounds have been used for detergents and for the treatment of boiler water to prevent scale formation, it has become more and more important to determine trace amounts of phosphate and other phosphorous compounds in water samples, such as drinking water, natural water, waste water and polluted water discharged from various sources. 1 Phosphorus present as phosphate in natural, waste and industrial water samples has been determined by a variety of techniques. As sensitive methods, flow injection analysis, 2 HPLC, 3, 4 ion chromatography (IC) [5] [6] [7] [8] or column preconcent ration, [9] [10] [11] are widely used; such methods are well-established approaches to determine phosphorus. Guo et al. 5 determined phosphate in water by IC-inductively coupled plasma-mass spectrometry (ICP/MS), reporting a limit of detection (LOD) of 0.7 μg P l -1 . Yokoyama et al. 3 recently published a technique for phosphate determination in environmental waters by ion-pair liquid chromatography; a LOD of 3 μg l -1 as PO4 was achieved. Neves et al. 6 determined phosphate in ground water using a flow injection procedure based on vanadomolybdate method and reported a LOD of 8 μg P l -1 . The anion-exchange IC-ICP/MS method with aqueous 11 mM ammonium carbonate (pH 11.2) as eluent could detect phosphate in the presence of common anions; this LOD was a little higher, 36 μg l -1 . 7 Yang et al. 4 developed a procedure for the determination of dissolved phosphate in seawater by ion-exclusion chromatography-ICP/MS with a LOD of 2 μg P l -1 . Instead of ICP/MS, Morton et al. 8 recently reported a method that combined inductively coupled plasma-atomic emission spectrometer (ICP/AES) with IC to determine reduced phosphorus species in a wide range of environmental samples.
The sensitivity of ICP/AES enables the measurement of trace elements in ppb level. However, separation techniques are often necessary prior to the measurements because of serious interferences from matrices present in samples. In recent years, the importance of the separation and of the concentration techniques involving solid phase extraction (SPE) in trace analyses has risen substantially. The pretreatment of aqueous solutions by a SPE technique not only can increase analyte concentrations to detectable levels, but also can eliminate matrix effects. 12 Although the sample pretreatment with a solid phase extraction method has some potential to improve the sensitivity of trace elements analysis, the operation of the pretreatment procedures may become tedious and time-consuming if it is carried out by a manual batch-wise procedure. Such drawbacks can be overcome by utilizing an automated on-line preconcentration procedure with a column packed with SPE materials, where less contamination, less time consumption and good reproducibility can be achieved.
Cellulose, which can be obtained in large quantity from wood pulp wastes, is a promising natural polymer for the base material of a solid phase because of some unique properties, such as high chelating ability compared to other natural polymers, easy derivatization and biodegradability. The reactive amino groups in cellulose functionalized with polyallylamine can contribute to various adsorption behaviors in the solid phase extraction. Compared to other synthetic polymers, cellulose possesses higher hydrophilicity, which provides faster adsorption rates in an aqueous medium.
A lot of studies by the synthesis of chelate resins have been made for metals. 12 However, there are few studies for anions. In this work, cellulose was newly chemically modified with polyallylamine through the epoxy groups of glycidylmethacrylate. The synthesized cellulose resin, cellulose-glycidylmethacrylatepolyallylamine (CGP), was packed in a mini-column, which was installed in the automated pretreatment system coupled with ICP/AES. The system was then utilized to carry out automated procedures for the collection/concentration and the determination of phosphate. The proposed method provides effective automated on-line preconcentration and determination with several advantages, such as good reproducibility, high enrichment efficiency and sensitivity, less time-consuming procedure, high sample throughput, and short time analysis.
Experimental

Apparatus
The adsorption behavior of phosphate on the CGP resin was examined using ICP/AES (SII Vista-Pro: Tokyo, Japan) and IC (DIONEX LC25: Osaka, Japan). Auto-Pret system [13] [14] [15] (MGC Type 018S: Okayama, Japan) was used for the pretreatment of samples. The system consists of a modular digital syringe pump with the volume capacity of 10 ml, a six-port selection valve and a six-port switching valve. Mini-columns were installed in the switching valve. The Auto-Pret system was controlled by a personal computer with controlling software (MGC LMPro Ver. 2.5) and was coupled on-line with ICP/AES to measure the concentration of phosphate. The operating conditions for ICP/AES are summarized in Table 1 .
Reagents
Cellulose, kraft pulp seat type, was purchased from USP (Tokyo, Japan). Glycidyl-methacrylate (GMA) was purchased from Wako Pure Chemical (Osaka, Japan). Polyallylamine (PAA) was purchased from Nittobo Medical (Tokyo, Japan). All other reagents used for the synthesis of CGP resin were of analytical reagent grade.
A phosphate standard solution (1000 mg l -1 , Kanto Chemicals, Tokyo, Japan) was used for preparing phosphorus calibration solutions and recovery test solutions. Other anion standard solutions (fluoride, chloride, nitrite, nitrate and sulfate: 1000 mg l -1 , Kanto Chemicals) were used for the selectivity test. The hydrochloric acid for toxic substance measurement (Kanto Chemicals) was used and was adjusted to 0.5 M by diluting it with appropriate amounts of the ultrapure water. Ultrapure water (18.3 MΩ cm -1 resistance) prepared by Gradient A10/Milli-Q Element system (Nihon Millipore: Tokyo, Japan) was used for diluting standard solutions. 
Synthesis of CGP resin
The details of the synthesis procedures of CGP resin were reported in our patent. 16 Cellulose as a craft pulp sheet (25 g) was stirred with GMA (7.8 g) and diammonium cerium(IV) nitrate (0.6 g) in a mixture of water (100 ml) and acetone (25 ml) at room temperature for 24 h to couple cellulose with GMA. The product was then filtered and washed two times with ethanol, followed by washing with water to remove the remaining GMA. The product was suspended in 20% PAA (15 g), and the suspension was stirred at room temperature for 2 h to cleave the epoxy group of Cell-GMA and to recover the amino group of PAA. The CGP resin was then filtered, and washed with ethanol, followed by being washed with water. Before it was packed in the columns for further application, the obtained CGP resin was suspended in 0.5 M HCl and stirred for 1 h to change the amino group (-NH2) on CGP resin to -NH3 + Cl -type. The synthesis scheme of CGP resin is shown in Fig. 1 .
On-line procedures and measurement
The manifold of the on-line system is shown in Fig. 2 . The Auto-Pret system was composed of a syringe pump (SP) with the volume capacity of 10 ml, a six-port selection valve (SLV), and a six-way switching valve (SWV). CGP resin was packed in a PTFE column (i.d. 2 mm × 4 cm), and the column was installed on SWV in the position shown in Fig. 2 . PTFE tubing with 0.8 mm i.d. was used for all connecting lines, except for the holding coil where PTFE tubing with 1.6 mm i.d. was used because of the necessity of larger volume for holding coil. The on-line pretreatment procedure was carried out in four major steps: a column conditioning step, a preconcentration step, a washing step and an elution step.
Column conditioning step: Five hundred microliters of 0.5 M HCl were aspirated at a flow rate of 400 μl s -1 into the holding coil through port 4 of SLV. While the SWV was kept in the load position, the solution in the holding coil was injected at a flow rate of 50 μl s -1 into the column. Next, 2.5 ml of ultrapure water was aspirated at a flow rate of 400 μl s -1 into the syringe pump, and the water was dispensed into the column at a flow rate of 50 μl s -1 .
Preconcentration step: Five milliliters of a sample solution at pH 3 -8 were aspirated at a flow rate of 400 μl s -1 into the holding coil through port 3 of SLV. The aspirated sample was then dispensed into the column at a flow rate of 50 μl s -1 for the adsorption/concentration of phosphate on the resin.
Washing step: This step was carried out by aspirating 1 ml of ultrapure water at a flow rate of 400 μl s -1 into the syringe pump; then the water was dispensed into the column at a flow rate of 50 μl s -1 . This process will force the sample remaining in the line to pass through the column, and at the same time will remove matrices and un-adsorbed ions.
Elution step: Finally, in the elution step, 0.5 ml of 0.5 M HCl was aspirated into the holding coil at a flow rate of 400 μl s -1 from port 4 of SLV, and the position of the syringe pump was set to 2.5 ml by aspirating the ultrapure water into the syringe pump; then the valves were ready to dispense the liquid to the column. This step was carried out to ensure that the elution of the phosphate on the column would be completely elute, the eluent passing through the column and reaching ICP/AES. After the elution was ready to start, the position of SWV was turned to the inject-position, and then the eluent was flowed into the column at a flow rate of 50 μl s -1 ; the effluent zone moved into the ICP/AES for the measurement of phosphate. One measurement (one cycle) could be completed within about 4 min.
Results and Discussion
Adsorption behavior of anion on CGP resin
The results of the adsorption behavior of the CGP resin for typical anions are shown in Fig. 3 . Twenty milligrams of CGP resin were placed in contact with 100 ml of a mixed solution containing 10 mg l -1 of each anion-fluoride, chloride, nitrite, nitrate, phosphate and sulfate, and the mixture was stirred gently with a magnetic stirring bar. At appropriate time intervals, 5 ml of each aliquot was taken out, and the concentrations of these anions were determined by IC. The resin showed selectivity toward oxoanions-phosphate and sulfate in the anion solution. The effects of pH on the adsorption of phosphate on CGP resin were examined by using a batch-wise column procedure. Figure 4 shows that phosphate was quantitatively collected at over the pH range of 3 -8, while the recovery of phosphate decreased at the pH values of 2 and 9. In general, phosphate exists as a nonionic species, H3PO4 in acidic pH regions of 1 to 2, and cannot be retained on the resin, and most of phosphate at pH range of 3 -12 exists as H2PO4 -and HPO4 2-mainly. On the other hand, the pKa value of amino groups on CGP resin calculated from the results of acid-base titration was about 9.5. Thus, amino groups on this resin are protonated at pH < 9.5. Consequently, it seems that phosphate is combined with protonated amino groups in pH 3 -8, acting as an anion exchanger. 17 The adsorption mechanism of phosphate on the CGP resin is shown in Fig. 5 .
Concentration of the eluent for the elution of phosphate from CGP resin
As an eluent, the concentration of HCl was varied from 0.5 to 2.0 M. The recovery was almost identical by using such HCl solutions. Lower concentrations of HCl were preferable to decrease the amount of HCl used and wasted; therefore, a 0.5 M HCl solution was employed as the eluent.
Adsorption capacity of CGP resin
The breakthrough capacity of a column packed with 0.020 g of the resin was determined by passing a solution containing 100 mg l -1 of phosphate at a flow rate of 1.0 ml min -1 . A breakthrough curve for phosphate was obtained by plotting the intensity of the phosphate signal obtained by ICP/AES against the time of the flowing solution (Fig. 6) . The adsorption capacity, as calculated from the curve, was 60 mg (g-resin) -1 of phosphate.
Effect of coexisting ions on the adsorption of phosphate
The presence of multi-elements often causes interactive effects. Hence, as the present method was intended to be applied to the determination of phosphate in environmental water, the effect of coexisting ions on the analytical signal was evaluated. In this work, the artificial sample solutions were prepared by adding the cation or anion matrices to the phosphate solution of 10 μg P l -1 . The results with and without the addition of the matrices were compared to evaluate the recovery of phosphate. The results are shown in Table 2 . The mixed cation matrices of each 100 mg l -1 or nitrate, anion matrix of 100 mg l -1 , did not give serious interferences on the recovery of phosphate. However, the mixed cation matrices of 500 -1000 mg l -1 or sulfate of 100 mg l -1 gave negative errors. Such results indicate that the ion-exchange capacity of the resin was not sufficient for the recovery of phosphate from the solution containing large amounts of matrix ions, e.g., sulfate in special waste water and seawater samples. As a result, it can be concluded that river water or tap water matrix did not interfere with the collection of trace phosphate on the column containing the CGP resin.
Analytical figures of merit
The performance of the proposed method was evaluated by examining the sensitivity enhancement factor, the detection limits, and the total analysis time obtained by using the on-line pretreatment/measurement system. The typical flow signals of the standard phosphate solutions at ppb levels are shown in Fig. 7 . The correlation coefficient of the linear equation for the calibration graph showed good linearity for phosphate concentrations in this region (R 2 = 0.997). The sensitivity enhancement factor was estimated by comparing the peak height obtained by using the on-line system and 5 μg P l -1 of the standard solution with those obtained by a direct nebulization method of ICP/AES using 50 μg P l -1 of standard solution. The enhancement factor was found to be 45-fold for phosphate when 5 ml of the sample solution was used. The LOD of phosphorus in the proposed method was determined as the concentration corresponding to three times of the signal-to-noise ratio: LOD was found to be 0.6 μg P l -1 for phosphate. Lower detection limits can be expected when larger volumes of sample, for example, 10 ml, are used. In the present on-line system, the time necessary for the column conditioning, the sample loading to the column, the column washing and the elution were 60, 100, 20, and 60 s, respectively. The total analysis time was about 4 min when 5 ml of the sample solutions was used.
Application of the proposed method to real environmental water samples
The proposed method was applied to the determination of phosphate in river and tap water samples, which were collected in Kochi City and Aki City. The samples were filtered through a membrane filter (0.45 μm) prior to the injection of the samples in the system. The results obtained by the proposed method using 5 ml of the sample solutions are shown in Table 3 . The limit of quantitation (LOQ) using the same volumes of sample solutions, which correspond to ten times of the standard deviation of the blank solution, was 1.0 μg P l -1 for phosphate. The concentrations of phosphate in the samples were found to be higher than the LOQ of the method, and the good reproducibility was obtained. The recoveries of these samples were found to be more than 90%, except for the river water B. The result of the river water B was 82%. Such lower recovery of phosphate may be caused by organic anionic substances such as anionic surfactants, which can adsorb on the resin strongly, and can be stimulated on the resin without eluting, and participate in the adsorption decline in amino groups on CGP resin. For improving the practical application of the proposed resin to the determination of trace amounts of phosphate in environmental samples, other pretreatment for removing anionic surfactants will be recommended: for example, a UV photo reaction, which can decompose, will be possible.
Conclusions
A novel cellulose resin functionalized with polyallylamine was newly synthesized and its potential to be applied to real samples in the solid phase extraction method was examined. The synthesized resin showed good adsorption ability toward phosphate ions.
The utilization of the synthesized resin along with the on-line pretreatment system provides fast analysis, good sensitivity, and excellent detection limits. The method was successfully applied to the determination of phosphate in river water and tap water samples. The recovery test showed the results in the range of 82 -96%. Found/ μg P l Five milliliters of the sample were used. a. River water A was sampled at Iyoki River, Aki city, Japan. b. River water B was sampled at Kagami River, Kochi city, Japan. c. Tap water was taken from tap water faucet in Kochi Pref. Ind. Tech. Center. 
